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Summary. A discussion of elemental abundance ratios as tracers of stellar popu-
lations is presented. The emphasis is on F, G, and K stars, because they represent a
wide range of ages and have atmospheres providing a ‘fossil’ record of the chemical
evolution of the Galaxy.
Instrumentation and methods to determine chemical abundances in stellar at-
mospheres are discussed in Sect. 2. High-resolution (R > 20 000) spectra are re-
quired to derive precise abundance ratios, but lower resolution spectra may be
useful in connection with large statistical studies of populations. Most abundance
analyses are based on homogeneous 1D model atmospheres and the assumption of
local thermodynamic equilibrium (LTE), but recent works have shown that 3D non-
LTE corrections can change the derived trends of abundance ratios as a function
of stellar metallicity significantly. However, when comparing stars having similar
effective temperatures, surface gravities and metallicities, 3D non-LTE corrections
tend to cancel out. Such a differential approach is the best way to disentangle stellar
populations on the basis of chemical abundances.
Abundance ratios particularly useful as population tracers are discussed in Sect.
3, including C/O, Na/Fe, Ni/Fe, Ba/Y, Eu/Ba, and α/Fe, where α is the average
abundance of Mg, Si, Ca, and Ti. The nucleosynthesis of the elements involved
occurs on different time-scales in stars and supernovae with different masses. This
is the main reason that these abundance ratios can be used as population tracers.
The following sections deal with a discussion of populations in the Galactic
disk, the bulge, and the halo. Based on abundance ratios, there is clear evidence
for two main populations in the disk: an old, thick disk formed on a time-scale
of ∼ 109 years, and a younger, thin disk formed over a more extended period. For
the bulge, interesting new abundance results have been obtained in recent years,
including data from microlensed dwarfs, but it is too early to draw any robust
conclusions about how and when the bulge formed. For the halo, there is evidence
for the existence of two discrete populations with low and high values of α/Fe,
respectively. The ‘low-α’ population has probably been accreted from dwarf galax-
ies, whereas the ‘high-α’ population may consist of ancient disk stars ‘heated’ to
halo kinematics by merging satellite galaxies. Globular clusters stand out from the
halo field stars by showing Na-O and Al-Mg anti-correlations; there is increasing
evidence that they consist of multiple stellar populations.
Keywords. Techniques: spectroscopic – Stars: abundances – Stars: at-
mospheres – Galaxy: disk – Galaxy: bulge – Galaxy: halo – Globular clus-
ters:general – Galaxies: dwarf
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1 Introduction
A population consists of a group of stars with a common origin and history.
Hence, it is of high importance for studies of the formation and evolution of
the Galaxy to detect and describe existing Galactic populations. This may
be done by analyzing distribution functions for stars in space, kinematics,
age and chemical composition. In particular, it is important to know if the
main Galactic components, the disk, the bulge, and the halo, each consists
of a single stellar population or if multiple populations are needed to fit
data for kinematics, ages and abundance ratios of stars belonging to these
components.
Whereas the original spatial and kinematical distributions of stars in a
population are modified during the dynamical evolution of the Galaxy, it
is generally assumed that the chemical composition of a stellar atmosphere
provides a ‘fossil’ record of the composition of the Galaxy at the time and
the place for the formation of the star. In this connection, F and G main-
sequence and subgiant stars are of particular interest, because they span an
age range as long as the lifetime of the Galaxy. Furthermore, they have an up-
per convection zone that mixes matter in the atmosphere with deeper layers,
which tends to reduce abundance changes induced by diffusion or accretion
processes (see discussion in Sect. 2.5). On the other hand, the convection
zone is not so deep that elements produced by nuclear reactions in the stellar
interior are brought up to the stellar surface. Hence, chemical abundances of
F and G main-sequence and subgiant stars are expected to be good tracers
of stellar populations.
Stars with spectral types different from F and G are also of importance
as tracers of Galactic populations. O, B, and A stars may be used to probe
the present composition of the Galaxy, but in some cases the atmospheric
composition is affected by diffusion or accretion processes. K giants are very
useful as a supplement to the F and G main-sequence stars, because they can
be observed to greater distances. Their space density is, however, smaller than
that of F and G dwarfs, and care should be taken because the atmospheric
abundances of some elements, e.g. C and N, may be affected by convective
dredge-up of the products of nuclear processes in the stellar interior.
The present review deals with the use of stellar abundance ratios to dis-
entangle the various stellar populations in the Galaxy. Methods to determine
chemical abundances in stellar atmospheres are discussed in Sect. 2 with em-
phasis on the high precision that may be obtained when analyzing stars in a
limited region of the H-R diagram differentially. In Sect. 2, it is also discussed
if element abundances in F and G main-sequence stars are affected by diffu-
sion or accretion processes. Sect. 3 contains an inventory of abundance ratios
that are particular useful as tracers of stellar populations, and a discussion
of the nucleosynthesis of the involved elements. The following sections 4, 5,
and 6 deal with populations associated with the Galactic disk, the bulge and
the halo including globular clusters and satellite galaxies. Relations between
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abundance ratios, kinematics and ages will be reviewed, and scenarios for the
origin of the various populations will be discussed. Finally, Sect. 7 contains
conclusions and some thoughts about future observing programmes related
to chemical abundances as population tracers.
The present chapter focus on stars with metallicities in the range −3.0 <
[Fe/H] < +0.4, where [Fe/H] is a logarithmic measure of the ratio between
the number of iron and hydrogen atoms in the star relative to the same ratio
in the Sun 1. Extremely metal-poor stars with [Fe/H] < −3.0 are discussed
by Frebel & Norris (this volume). To some extent their chemical abundances
are related to single supernovae (SNe) events, whereas a mixture of SNe
with a mass distribution determined by the initial mass function (IMF) have
produced the elements in more metal-rich stars.
2 Determination of stellar abundance ratios
2.1 Observation and reduction of stellar spectra
In order to derive precise abundance ratios, high-resolution (R = λ/∆λ >
30 000) and high signal-to-noise (S/N > 100) spectra should ideally be ob-
tained. For such spectra, it is possible to define a reliable continuum and
measure equivalent widths of weak spectral lines that have high sensitivity to
abundance changes and low sensitivity to broadening parameters as microtur-
bulence and collisional damping. Thanks to the installation of efficient echelle
spectrographs in connection with many large and medium-sized telescopes,
a large number of high-quality optical (3700 < λ < 9000 A˚) spectra for F, G,
and K stars have been obtained during the last couple of decades. The in-
frared spectral region is still lacking behind, but important abundance results
for K giants in the Galactic bulge have been obtained with the Phoenix spec-
trograph on the Gemini South telescope (e.g. Mele´ndez et al. 2008) and with
the ESO VLT cryogenic echelle spectrograph, CRIRES (Ryde et al. 2010).
Spectra with somewhat lower resolution (R ∼ 20 000) and S/N ∼ 50
can also be used for determining abundance ratios, and may be obtained
with multi-object spectrographs such as FLAMES at the ESO VLT. This
has proven to be a very effective way of getting abundance data for stars
in globular clusters (e.g. Carretta et al. 2009) and satellite galaxies (see re-
view of Tolstoy et al. 2009). Furthermore, abundances of elements that are
represented by many lines in stellar spectra, such as Fe and the α-capture el-
ements Mg, Si, Ca, and Ti, can be obtained from medium-resolution spectra
(R ∼ 5 000 − 10 000). A good example is the determination of stellar abun-
dances for the Sculptor dwarf spheroidal (dSph) galaxy by Kirby et al. (2009)
with the multi-object spectrograph, DEIMOS, at the Keck II telescope.
1For two elements X and Y, [X/Y] = log(NX/NY)star − log(NX/NY)Sun, where
NX and NY are the number densities of the elements.
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Even low-resolution (R ∼ 2 000) spectra are useful for statistical investi-
gations of [α/Fe]2 in Galactic surveys such a the Sloan Digital Sky Survey
(SDSS) (Lee et al. 2011). Another large survey, the Radial Velocity Exper-
iment (RAVE), which will deliver medium resolution spectra (R ≃ 7 500)
of ∼ 106 stars in the near-infrared Ca ii-triplet region (8410 - 8795 A˚), has
also the potential of supplying [α/Fe] with a decent precision (Boeche et al.
2008). In the future, the ESA GAIA mission will make it possible to deter-
mine [α/Fe] values for a still larger sample of stars based also on spectra in
the Ca ii-triplet region, but with a somewhat higher resolution, R ≃ 11 500.
The reduction of raw spectral data should include background and sky
subtraction, flat-field correction, extraction of spectra, and wavelength cali-
bration. Standard IRAF3 tasks or special software can be used. Care should
be taken to perform a good flatfielding, including removal of possible interfer-
ence fringes such that a reliable continuum can be defined from wavelength
regions free of spectral lines. After normalization of the spectra, equivalent
widths (EWs) of weak spectral lines can be measured by Gaussian fitting
of the line profiles. For spectral lines having significant line wings (typically
EW > 70mA˚ in F and G main-sequence stars) the fitting should be per-
formed with a Voigt profile. The continuum setting and equivalent width
measurements may be done interactively with the IRAF task splot or can
be done automatically (e.g. Sousa et al. 2007).
Instead of using equivalent widths, abundances can be determined by fit-
ting a synthetic spectral line profile, calculated for a model atmosphere, to the
observed line profile using the abundance of the element as a free parameter
of the fit (see Fig. 1). For a line significantly blended by other spectral lines,
this is the only way to derive a reliable abundance. Other lines have to be used
to determine element abundances for the blending lines and to estimate line
broadening parameters associated with stellar rotation and macroturbulence.
Hence, the fitting is an iterative process that involves several line regions. It
can be done automatically and may include a determination of the basic at-
mospheric parameters, effective temperature Teff , and surface gravity g, from
ratios between selected lines. A good example of an automatic method is pre-
sented by Barklem et al. (2005), who determine abundances of 22 elements
from ESO VLT/UVES spectra by fitting hundreds of spectral windows con-
taining suitable lines. The procedure includes the identification of continuum
points in the windows, adjustments of line centers, rejection of lines disturbed
by cosmic-ray hits and χ-square minimization of the difference between the
synthetic and the observed spectrum. For low- and medium-resolution spec-
tra, for which individual lines are not resolved and the continuum is not
2Throughout this chapter, α refers to the average abundance of Mg, Si, Ca, and
Ti, i.e. [α/Fe] = 1
4
([Mg/Fe] + [Si/Fe] + [Ca/Fe] + [Ti/Fe])
3IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
Chemical abundances as population tracers 5
Fig. 1. The ESO/VLT CRIRES spectrum of the turnoff halo star G 29-23 ([Fe/H] =
−1.7) around the near-IR, 1.046 µm S i triplet (dots) compared with synthetic LTE
model-atmosphere profiles for three sulphur abundances, corresponding to [S/Fe]
= 0.0, 0.3 and 0.6, respectively. As seen, the [S/Fe] = 0.3 case provides a close
fit to the observations. The average S abundance determined from the three lines
corresponds to [S/Fe] = 0.27 (Nissen et al. 2007).
reached, abundances can be determined by similar methods (e.g. Lee et al.
2011; Kirby et al. 2009), or may be based on line-indices that can be cali-
brated via high-resolution data or by model-atmosphere calculations.
2.2 Model atmospheres
Stellar abundances are normally based on a model-atmosphere analysis of the
available spectra. In most cases, a plane-parallel, homogeneous (1D) model is
adopted, and it is assumed that the distributions of atoms over the possible
excitation and ionization states are given by Boltzmann’s and Saha’s equa-
tions. This condition is called ‘Local Thermodynamic Equilibrium’ (LTE).
The temperature structure of the model is derived from the requirement that
the total flux of energy as transported by radiation and convection should be
constant throughout the atmosphere and given by
F = σ T 4eff , (1)
where σ is the Stefan-Boltzmann constant, and Teff is the effective tempera-
ture of the star. Furthermore, the atmosphere is assumed to be in hydrostatic
equilibrium and the pressure P as a function of optical depth τ is determined
from the equation
dP
dτ
=
g
κc(T, Pe)
, (2)
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where g is the gravity in the stellar atmosphere and κc the continuous ab-
sorption coefficient as determined primarily by H− absorption in optical and
infrared spectra of F, G, and K stars. For these cool stars, electrons in the stel-
lar atmosphere mainly come from the ionization of elements like Mg, Si, and
Fe and the relation between total pressure and electron pressure Pe therefore
depends on both metallicity and the α/Fe ratio.
Details of the construction of 1D stellar models may be found in textbooks
on stellar atmospheres. The most used grid of models are the ATLAS9 models
of Kurucz (1993) and the Uppsala MARCS models (Gustafsson et al. 2008).
In both sets of models, convection is treated in the classical mixing-length
approximation.
As reviewed by Asplund (2005), 1D models give only a first approxima-
tion to the temperature structures of stellar atmospheres. The convection
creates an inhomogeneous structure with hot rising granules and cool down-
flows. Inhomogeneous (3D) models can be constructed by solving the stan-
dard equations for conservation of mass, momentum and energy in connection
with the radiative transfer equation for a representative volume of the stellar
atmosphere. The mean temperature structure of such 3D models may dif-
fer significantly from that of 1D models especially in the case of metal-poor
stars. Due to the expansion of rising granulation elements and the lack of
radiative heating when the line absorption coefficient is small, the 3D models
have much lower temperature and electron pressure in the upper layers than
classical 1D models in radiative equilibrium.
2.3 Abundance analysis
For a given model atmosphere, the flux Fλ in an absorption line can be
calculated by solving the transfer equation. Integration over the line profile
relative to the continuum flux Fc then gives the equivalent width
EW =
∫
Fc − Fλ
Fc
dλ. (3)
It is the ratio between the line and continuous absorption coefficients,
κl/κc, that determines the line depth and hence the equivalent width. For a
weak (un-saturated) line, the equivalent width is approximately proportional
to the abundance ratio NX/NH, where X is the element corresponding to the
line. For saturated lines, the equivalent width also depends on line broadening
due to small scale turbulent gas motions. In 1D modelling this introduces an
additional atmospheric parameter, the microturbulence, that can be deter-
mined from the requirement that the same Fe abundance should be derived
from weak and medium-strong Fe i lines. Strong lines with damping wings
are sensitive to the the value of the collisional damping constant. Clearly, the
most accurate abundances are derived from weak lines if observed with high
resolution and S/N .
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The equivalent width of a line also depends on the oscillator strength and
the populations of the energy levels corresponding to the line. In LTE, Boltz-
mann’s and Saha’s equations are used to determine the population numbers.
This may, however, be a poor approximation as reviewed by Asplund (2005).
Instead, one can use that a stellar atmosphere is in a steady state, i.e that
the population ni of a level i does not vary in time. This can be expressed as
ni
N∑
j=1
(Rij + Cij) =
N∑
j=1
nj(Rji + Cji), (4)
where R and C are the transition rates for radiative and collisional processes,
respectively. The summation is extended over all N levels with j 6= i. In such,
so-called non-LTE calculations, the population numbers are found by solving
N equations of the same type as Eq. (4). In addition, the transfer equation
must be solved, because the radiative transition rates depend on the mean
intensity of the radiation.
Departures from LTE can be large and affect derived stellar abundances
very significantly (Asplund 2005). However, in some cases collisional tran-
sition rates are not well known, and the calculated non-LTE populations
become rather uncertain. In particular, this is the case for inelastic colli-
sions with neutral hydrogen atoms. Often, the recipes of Drawin (1969) are
adopted, but since these estimates are based on classical physics, they only
provide an order-of-magnitude estimate of the collisional rates. Hence, a scal-
ing factor SH to the Drawin formula has to be introduced. It may be cali-
brated on the basis of solar spectra by requesting that lines with different
excitation potential and from different ionization stages should provide the
same abundance or one may vary SH to investigate how the uncertainty of
collisional rates affects the derived abundances.
Given that non-LTE calculations are sometimes uncertain and that a
grid of 3D models is not yet available, a differential 1D LTE analysis is
often applied to determine abundance ratios. For narrow ranges in the basic
atmospheric parameters, say ±400K in Teff , ±0.4 dex in logg, and ±0.5 dex
in [Fe/H], one may assume that non-LTE and 3D effects on the abundances
are about the same for all stars. Hence, precise differential abundances with
respect to a standard star can be derived in LTE.
For F and G stars with metallicities around [Fe/H] = 0, the Sun is an
obvious choice as a standard, and logarithmic abundance ratios with respect
to the Sun, like [Mg/Fe], can be derived from the same lines in the spectra
of the stars and the Sun. At lower metallicities, bright stars with well known
atmospheric parameters can be chosen as standards. This method has the
additional advantage that the oscillator strength of a line cancels out so that
its error plays no role. Such differential abundance ratios can be determined
to a precision of about ±0.03dex (e.g. Neves et al. 2009; Nissen & Schuster
2010). When using chemical abundances to trace stellar population, it is just
these very precise differential abundance ratios at a given metallicity that are
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needed. Trends of abundance ratios as a function of [Fe/H] derived under the
LTE assumption are, on the other hand, less accurate, because non-LTE and
3D effects change with metallicity.
2.4 Determination of atmospheric parameters for F, G, and K
stars
In order to determine precise abundance ratios, reliable values of the stellar
atmospheric parameters, Teff , g, and [Fe/H], must be determined. Some abun-
dance ratios like [Mg/Fe] determined from neutral atomic lines are fairly in-
sensitive to errors in the atmospheric parameters, but other ratios like [O/Fe]
with the oxygen abundance determined from the high excitation O i triplet
or from OH lines depend critically on the adopted values for Teff and g.
The effective temperature of a late-type star can be determined from
a colour index, e.g. V −K, calibrated in terms of Teff by the infrared flux
method. Two recent implementations of this method (Gonza´lez Herna´ndez &
Bonifacio 2009; Casagrande et al. 2010) give consistent calibrations of V −K.
In the case of nearby stars for which colours are not affected by interstellar
reddening, Teff can be determined to an accuracy of the order of ±50K. For
more distant stars, the reddening is, however, a problem and Teff is better
determined spectroscopically, e.g. from the wings of Balmer lines or from the
requirement that [Fe/H] derived from Fe i lines should be independent of the
excitation potential of the lines. In this way, differential values of Teff can be
determined to a precision of ±25K (Nissen 2008).
The best way to determine the stellar surface gravity
g = G
M
R2
(5)
is to estimate the massM from stellar evolutionary tracks and the radius R
from the basic relation L ∝ R2 T 4
eff
, where L is the luminosity of the star.
This leads to the following expression for the gravity of a star relative to that
of the Sun (logg⊙ = 4.44 in the cgs system)
log
g
g⊙
= log
M
M⊙
+ 4 log
Teff
Teff,⊙
+ 0.4(Mbol −Mbol,⊙), (6)
where Mbol is the absolute bolometric magnitude, which can be determined
from the apparent magnitude if the distance to the star is known.
This method of determining surface gravities works well for nearby stars
for which distances are accurately known from Hipparcos parallaxes. For
more distant late-type stars, the gravity can be determined spectroscopically
from the difference in [Fe/H] derived from neutral and ionized iron lines.
Fe i lines change very little with g, whereas Fe ii lines change significantly.
Departures from LTE in the ionization equilibrium of Fe should, however,
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be taken into account. This may be done by requiring that the difference
[Fe/H](Fe ii)− [Fe/H](Fe i) has the same value as in the case of a standard
star with a surface gravity that is accurately determined from Eq. (6). In
this way differential values of log g can be determined to a precision of about
±0.05dex (Nissen 2008).
Due to the non-LTE effects on the ionization balance of Fe, [Fe/H] should
be determined from Fe ii lines, because they represent the dominating ioniza-
tion stage of iron. If LTE is assumed, [Fe/H] derived from Fe i lines turns out
to be 0.1 to 0.2 dex lower than [Fe/H] derived from Fe ii lines in the case of
metal-poor F, G, and K stars. It is likely that this problem is due to a higher
degree of Fe i ionization than predicted by the Saha equation (Mashonkina
et al. 2011).
2.5 Diffusion and dust-gas separation of elements
As mentioned in Sect. 1, it is generally assumed that the atmosphere of a late-
type star with an upper convection zone has retained a ‘fossil’ record of the
composition of the Galaxy at the time and the place for the formation of the
star. A high-resolution study of the metal-poor ([Fe/H]∼ −2) globular cluster
NGC6397 by Korn et al. (2007) indicates, however, that the abundances
of Mg, Ca, Ti, and Fe in main-sequence turnoff stars are about 0.12dex
(30%) lower than the abundances of these elements in K giants. This may
be explained by downward diffusion of the elements at the bottom of the
convection zone for turnoff stars. The elements are depleted by about the
same factor, so the effect of diffusion on abundance ratios is less than 0.05 dex.
For the solar atmosphere, the depletion by diffusion of elements heavier
than boron is predicted to have been about 0.04dex (Turcotte & Wimmer-
Schweingruber 2002) and the effect of diffusion on abundance ratios is neg-
ligible. This is confirmed by the good agreement of abundance ratios for
non-volatile elements in the solar atmosphere and in the most primitive me-
teorites, the carbonaceous chondrites (Asplund et al. 2009). A very precise
study of solar ‘twin’ stars (i.e. stars having nearly the same Teff , g, and
[Fe/H] as the Sun) by Mele´ndez et al. (2009) shows, on the other hand, that
the Sun has a higher abundance ratio of volatile elements (C, N, O, S, and
Zn) with respect to Fe than the large majority of twin stars. The deviation
is about 0.05dex. As suggested by the authors, this may be explained by
selective accretion of refractory elements, including iron, on dust particles in
the proto-solar disk. Thus, some fraction of the refractory elements may end
up in terrestrial planets. If true, abundance ratios like [O/Fe] and [S/Fe] can
deviate by ∼ 0.05dex from the original ratio in the interstellar cloud that
formed the star depending on whether the star is with or without terrestrial
planets.
It is concluded that the effects of diffusion may change some abundance
ratios by up to 0.05dex for metal-poor stars with relatively thin convection
zones. In the case of disk stars, the abundances of volatile elements relative
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to iron could be affected by dust-gas separation in connection with star and
planet formation by ∼ 0.05 dex. For refractory elements there are no indi-
cations of differences in abundance rations between stars with and without
detected planets (Neves et al. 2009).
3 Elements used as stellar population tracers
This section presents a discussion of some abundance ratios that have been
used as tracers of stellar populations. In several cases, the nucleosynthesis
and chemical evolution of the corresponding elements are not well under-
stood; nevertheless, the abundance ratios have proven to be very useful in
disentangling stellar populations. In addition, the observed differences and
trends provide important constraints on SNe modeling and theories of Galac-
tic chemical evolution.
3.1 Carbon and oxygen
Abundances of C and O can be determined from spectral lines corresponding
to forbidden transitions between low excitation states and allowed transitions
between high-excitation states for neutral atoms. In addition, molecular CH
and OH lines in the blue-UV and infrared spectral regions can be applied.
The most reliable C and O abundances are derived from the forbidden
[C i] λ8727 and [O i] λ6300 lines, provided that these rather weak lines are
measured with sufficient spectral resolution and S/N . Both lines are blended;
[O i] by a Ni i line and [C i] by a weak Fe i line. These blends must be taken
into account when deriving abundances. A strong collisional coupling with
the ground states ensures that the [C i] and [O i] lines are formed in LTE. The
correction for 3D effects is small for the Sun (Asplund 2005) but increases
with decreasing metallicity and may reach as much as −0.2dex in turnoff
stars with [Fe/H] = −2 (Nissen et al. 2002).
The [C i] line is too weak to be a useful abundance indicator for metal-
poor ([Fe/H]< −1) dwarf and subgiant stars. In giants, carbon abundances
are changed by dredge-up of gas affected by CN-cycle hydrogen burning. The
[O i] line, on the other hand, can be used to derive oxygen abundances in
dwarfs and subgiants down to [Fe/H]∼ −2 and in giants down to metallicities
around −3. Alternatively, carbon and oxygen abundances in halo stars can
be derived from high-excitation atomic lines (the C i lines around 9100 A˚
and the O i triplet at 7774 A˚) but in both cases the non-LTE effects are
uncertain (Fabbian et al. 2009). CH and OH lines can be used to derive
carbon and oxygen abundances even at extremely low metallicities, but they
are very sensitive to Teff and large 3D corrections should be applied (Asplund
2005). Due to these problems, C and O abundances in halo stars are quite
uncertain. Carbon seems to follow iron, i.e. [C/Fe] ≃ 0 from [Fe/H] = 0 to
−3 (Bensby & Feltzing 2006; Fabbian et al. 2009). [O/Fe] raises from zero to
Chemical abundances as population tracers 11
about +0.5dex, when the metallicity of disk stars decreases from [Fe/H]=0
to −1 and then stays approximately constant at [O/Fe] ≃ +0.5 down to
[Fe/H] ≃ −2 (Nissen et al. 2002). According to Cayrel et al. (2004), who
derived oxygen abundances in giants from the [O i] line, the constant level of
[O/Fe] continues all the way down to [Fe/H] ≃ −3.5, if one assumes that 3D
corrections are the same as in metal-poor dwarf stars.
Although the trends of [C/Fe] and [O/Fe] as a function of [Fe/H] are
somewhat uncertain due to non-LTE and 3D effects, the ratio between the
abundances of C and O is more immune to these problems. This stems from
the fact that the forbidden [C i] and [O i] lines have about the same depen-
dence of temperature and pressure. Hence, the derived [C/O] is insensitive
to 3D effects. The same is the case for [C/O] derived from high-excitation
atomic lines. Furthermore, as shown by Fabbian et al. (2009), the non-LTE
corrections of C and O abundances derived from C i and O i lines tend to can-
cel, so that the trend of [C/O] vs. [O/H] is fairly independent of the choice of
the hydrogen collision parameter, SH (see Sect. 2.3). Fig. 2 shows this trend
for SH = 1, with the abundances determined from forbidden lines for disk
stars and from high-excitation atomic lines for the halo stars.
Fig. 2. The carbon-to-oxygen ratio as a function of the oxygen abundance. Open
circles refer to thin-disk and filled circles to thick-disk stars with data adopted from
Bensby & Feltzing (2006). Crosses are halo stars from Fabbian et al. (2009), and
(red) triangles show DLA data from Cooke et al. (2011).
Carbon is synthesized in stellar interiors by the triple-α process, but it
is unclear which objects are the main contributors to the chemical evolution
of carbon in the Galaxy. Type II SNe, Wolf-Rayet stars, intermediate- and
low-mass stars in the planetary nebula phase, and stars at the end of the
giant phase have been suggested. Oxygen, on the other hand, seem to be
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produced exclusively by α-capture on C in short-lived massive stars and is
dispersed to the interstellar medium by type II SNe. Hence, the C/O ratio
has the potential of being a good tracer of stellar populations. The separation
between thin- and thick-disk stars in Fig. 2 shows that this is indeed the case.
The approximately constant [C/O]≃ −0.5 for halo stars with [O/H] be-
tween −2.0 and −0.5 probably corresponds to the C/O yield ratio for massive
stars. The increase in [C/O] for the thick-disk stars may be due to metallicity
dependent winds from Wolf-Rayet stars, whereas the delayed production of
carbon by low- and intermediate-mass stars can explain the higher [C/O] in
thin-disk stars. The upturn of [C/O] at the lowest values of [O/H], which is
also found for distant damped Lyman-α (DLA) galaxies (Cooke et al. 2011),
could be due to enhanced carbon production by massive first generation stars
with extremely high rotation velocities (Chiappini et al. 2006).
3.2 Intermediate-mass elements
The even-Z elements, Mg, Si, S, Ca, and Ti are mainly produced by suc-
cessive capture of α-particles in connection with carbon, oxygen and neon
burning in massive stars and dispersed into the interstellar medium by type
II supernovae explosions on a time-scale of ∼ 107 years. Iron is also produced
by SNe II, but the bulk of Fe comes from type Ia SNe on a much longer time-
scale (∼ 109 years). Hence, the ratio between the abundance of an α-capture
element and iron in a star depends on how long the star-formation process
had proceeded before the star was formed. In this way, [α/Fe] becomes an
important tracer of populations.
Mg, Si, Ca, and Ti abundances can be determined from several weak
atomic lines in the optical spectra of late-type stars, whereas sulphur is more
difficult as discussed below. Traditionally, [α/Fe] is therefore defined as the
average value of [Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe] (see Sect. 2.1). As
discussed by Asplund (2005), departures from LTE have some effects on the
metallicity trends of [α/Fe] but probably not more than 0.1 dex, when weak
lines are used. If the abundances are based on neutral lines, [α/Fe] is quite
insensitive to Teff and 3D effects, although high excitation lines are to be
preferred (Asplund 2005, Fig. 8)
The trend of [α/Fe] with metallicity is characterized by an increase of
about 0.3 dex when [Fe/H] decreases from 0 to −1. Below [Fe/H] = −1, [α/Fe]
is distributed around a plateau at 0.3 dex, but as discussed later, there are
very significant differences in [α/Fe] at a given metallicity related to stellar
populations both for disk and halo stars.
Sulphur is an α-capture element, and [S/Fe] is therefore expected to show
a plateau-like behaviour for halo stars, but very high values [S/Fe] ∼ 0.8 have
been claimed at the lowest metallicities (Israelian & Rebolo 2001). These
values may, however, be spurious due to the difficulty of measuring the very
weak S i line at 8694.6 A˚. On the basis of stronger S i lines at 9212.9 and
9237.5 A˚ measured with UVES and corrected for telluric absorption lines,
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Nissen et al. (2007) find a plateau-like behaviour of [S/Fe] as shown in Fig.
3. Non-LTE corrections from Takeda et al. (2005) corresponding to SH = 1
were included for sulphur, and the iron abundances were derived from Fe ii
lines with negligible non-LTE effects (Mashonkina et al. 2011) . This result
is supported by CRIRES observations of the near-IR S i triplet (see Fig. 1).
Further studies of sulphur in Galactic stars would be important, especially
because S is a volatile element that is undepleted onto dust. As such it can
be used to measure the α-enhancement of DLA galaxies.
Fig. 3. [S/Fe] as a function of [Fe/H]. Plus signs refer to data for disk stars from
Chen et al. (2002) and circles to halo stars from Nissen et al. (2007). Filled circles
with error bars are based on S abundances derived from the λλ9212.9, 9237.5 S i
lines, whereas open (red) circles show data determined from the weak λ8694.6 S i
line.
In addition to the α-capture elements, Na is an interesting and sensitive
tracer of stellar populations. It is thought to be made during carbon and neon
burning in massive stars and is expelled by type II SNe together with the
α-elements. The amount of Na made is, however, controlled by the neutron
excess, which depends on the initial heavy element abundance in the star
(Arnett 1971). This is probably the explanation of the fact that [Na/Mg] in
halo stars correlates with [Mg/H] with a slope of about 0.5 (Nissen & Schuster
1997; Gehren et al. 2004).
Na abundances are best determined from the relatively weak Na i doublets
λλ5682.6, 5688.2 and λλ6154.2, 6160.7, for which non-LTE and 3D corrections
are rather small (Asplund 2005). At low metallicities, [Fe/H] < −2.0, these
lines are too faint to be measured, and Na abundances are derived from the
Na iD λλ5890.0, 5895.9 resonance lines. For this doublet, the non-LTE cor-
rection is large and reaches −0.4 dex for extremely metal-poor stars (Gehren
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et al. 2004). Furthermore, the use of these lines is sometimes complicated by
overlapping interstellar Na iD lines and telluric H2O lines.
In addition to Na production in massive stars, sodium can also be made in
hydrogen-burning shells of intermediate- and low-mass stars via the CNO and
Ne-Na cycles. This is probably the explanation of the Na-O anti-correlation
in globular clusters as further discussed in Sect. 6.3.
3.3 The iron-peak elements
Among the iron-peak elements - Cr to Zn - the even-Z elements Cr, Fe, and
Ni are represented by many lines in the spectra of late-type stars, which
makes it possible to determine very precise abundance ratios, [Cr/Fe] and
[Ni/Fe].
The ratio between Cr and Fe abundances is found to be the same as in the
Sun, i.e. [Cr/Fe] ≃ 0, for all Galactic populations with [Fe/H] > −2. Below
this metallicity, McWilliam et al. (1995) and Cayrel et al. (2004) have found
a smooth decrease of [Cr/Fe] to ∼ −0.5 at [Fe/H] = −4 based on an LTE
study of Cr i lines in very metal-poor giants. This is surprising, because Cr
and Fe are predicted to be synthesized in constant ratios by explosive silicon
burning in both type II and Ia SNe. The problem seems to have been solved
by Bergemann & Cescutti (2010), who find that the derived decline of [Cr/Fe]
is an artifact caused by the neglect of non-LTE effects. They obtain a very
satisfactory agreement between non-LTE Cr abundances derived from Cr i
and Cr ii lines when using surface gravities based on Hipparcos parallaxes.
For a long time, the Ni/Fe ratio was also thought to be solar in all stars.
This is clearly the case for disk population stars (e.g. Chen et al. 2000),
but Nissen & Schuster (1997, 2010) have shown that Ni is underabundant
relative to Fe, i.e. [Ni/Fe] ∼ −0.1 to −0.2, in some halo stars with [Fe/H]
> −1.4. These stars have also low [α/Fe] and [Na/Fe] values, and a tight
correlation between [Ni/Fe] and [Na/Fe] is present (see Sect. 6.1). Similar
stars are found in dwarf galaxies (Tolstoy et al. 2009). The reason for this
correlation is probably that the supernovae yields of 23Na and 58Ni depend
on the neutron excess (see the detailed discussion by Venn et al. 2004).
The determination of abundances of the odd-Z elements Mn, Co, and Cu
is more difficult than in the case of Cr, Fe, and Ni. There are fewer lines avail-
able and hyper-fine-structure (HFS) splitting has to be taken into account.
Furthermore, non-LTE effects seem to be very significant. Positive correc-
tions of both [Mn/Fe] (Bergemann & Gehren 2008) and [Co/Fe] (Bergemann
et al. 2010) are obtained, although the size of these corrections depends some-
what on the adopted SH parameter for hydrogen collisions. This means that
the strong decline of [Mn/Fe] as a function of decreasing [Fe/H] found from
an LTE analysis of Mn i lines by e.g. Reddy et al. (2006) and Neves et al.
(2009) has to be modified to a more shallow trend. For Co the non-LTE
study of Bergemann et al. (2010) leads to surprisingly large over-abundances
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of cobalt with respect to iron for halo stars, a result that is in disagreement
with expectations from presently calculated supernovae yields.
Fig. 4. [Cu/Fe] as a function of [Fe/H]. Stars studied by Mishenina et al. (2002)
are indicated by crosses. Open (blue) circles refer to high-α stars and filled (red)
circles to low-α halo stars from Nissen & Schuster (2011). Filled (green) triangles
are data for giant stars in the inner part of the Large Magellanic Cloud adopted
from Pompe´ia et al. (2008).
Copper is a very interesting element as a tracer of metal-poor stellar
populations. Abundances can be determined from the Cu i lines at 5105.5,
5218.2 and 5782.1 A˚. They are affected by HFS splitting to different degrees.
Non-LTE calculations are not yet available, but LTE data show that [Cu/Fe]
≃ 0 for disk stars with no significant difference between the thin and the thick
disk (Reddy et al. 2006). At [Fe/H] ∼ −1, [Cu/Fe] starts to decline steeply
and reaches a plateau of [Cu/Fe] ∼ −0.6 below [Fe/H]≃ −1.6 (Mishenina
et al. 2002) as shown in Fig. 4. Low-α halo stars deviate, however, from
this trend with a [Cu/Fe] deficiency of 0.2 to 0.5 dex (Nissen & Schuster
2011). The same is the case for the more metal-rich part of stars in the
globular cluster ω Centauri (Cunha et al. 2002), and stars belonging to the
Sagittarius dSph galaxy (Sbordone et al. 2007) and the Large Magellanic
Cloud (Pompe´ia et al. 2008) as shown in Fig. 4. These [Cu/Fe] data provide
important constraints on the nucleosynthesis of Cu. Romano & Matteucci
(2007) suggest that copper is initially made by explosive nucleosynthesis in
type II SNe and later by a metallicity dependent neutron-capture process
(the weak s-process) in massive stars.
Zinc abundances can be determined from the λλ4722.2, 4810.5 Zn i lines.
Non-LTE and 3D corrections are modest, i.e. of the order of +0.1 dex for
metal-poor stars (Nissen et al. 2007). It is sometimes assumed that [Zn/Fe]
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= 0, which means that Zn can be used as a proxy of Fe in determining the
metallicity of interstellar gas, e.g. in DLA systems; as a volatile element Zn
is not depleted onto dust like Fe. Newer studies show, however, that [Zn/Fe]
reaches +0.15dex in metal-poor disk stars with perhaps a small separation
between thin- and thick-disk stars (Bensby et al. 2005). For halo stars, [Zn/Fe]
increases from zero at [Fe/H] = −1 to [Zn/Fe] ≃ 0.2 at [Fe/H] = −2.5 (Nissen
et al. 2007), and at still lower metallicities [Zn/Fe] increases steeply to [Zn/Fe]
≃ 0.5 at [Fe/H] = −3.5 (Cayrel et al. 2004, Nissen et al. 2007). Hence the
behaviour of zinc is complicated, and the nucleosynthesis of this element is
not well understood. Several ways of producing Zn have been suggested: the
weak s-process in massive stars, explosive Si burning in type II and type Ia
SNe, and the main s-process in low- and intermediate-mass stars.
3.4 The neutron capture elements
Among the heaviest elements, Y, Ba, and Eu are of particular interest as trac-
ers of stellar populations. They are made by neutron capture processes, which
are traditionally divided into the slow s-process and the rapid r-process. In
the s-process, neutrons are added on a long time-scale compared to that of
β decays so that nuclides of the β-stability valley are built up. In the r-
process, neutrons are added so fast that nuclides on the neutron-rich side of
the stability valley are made. The s-process is divided into the main s-process
that occurs in low- and intermediate-mass asymptotic giant branch (AGB)
stars and the weak s-process occurring in massive stars. The r-process is not
well understood, but it is thought to occur in connection with type II SNe
explosions.
The relative contribution of the s- and the r-process to heavy elements
in the solar system has been determined by Arlandini et al. (1999). Barium
is called an s-process element, because 81% of the solar Ba is due to the s-
process. Europium, on the other hand, is an r-process element, because 94%
in the Sun originates from the r-process. In metal-poor stars, for which only
massive stars have contributed to the nucleosynthesis of the elements, both Ba
and Eu are, however, made by the r-process, provided that the contribution
from the weak s-process is negligible. In such metal-poor stars, one would
expect to find an r-process ratio NEu/NBa ≃ 5 between the abundances of
europium and barium corresponding to [Eu/Ba] ≃ 0.7. These considerations
suggest that [Eu/Ba] may be a useful tracer of stellar populations. As seen
from Fig. 5, this is confirmed by Mashonkina et al. (2003).
Ba abundances can be determined from subordinate Ba ii lines at 5853.7,
6141.7, and 6496.9 A˚. The stronger resonance line at 4554.0 A˚ may also be
used, but the analysis of this line is complicated by the presence of isotopic
and HFS splitting. Europium abundances are primarily obtained from the
Eu ii line at 4129.7 A˚, which has to be analyzed by spectrum synthesis tech-
niques, because the line is strongly broadened by isotopic and HFS splitting.
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Fig. 5. [Eu/Ba] as a function of [Fe/H] with data adopted from Mashonkina et al.
(2003). Crosses refer to stars with halo kinematics, filled circles to thick-disk stars
and open circles to thin-disk stars.
The barium-to-yttrium ratio is another interesting tracer of stellar pop-
ulations. Yttrium (Z = 39) belongs to the first peak of s-process elements
around the neutron magic number N = 50, whereas barium (Z = 56) is at
the second peak around N = 82. The ratio Ba/Y (sometimes called heavy-s
to light-s, hs/ls) depends on the the neutron flux per seed nuclei, and is pre-
dicted to be high for metal-poor, low-mass AGB stars (Busso et al. 1999).
As pointed out by Venn et al. (2004), the Ba/Y ratio in stars belonging to
dSph satellite galaxies is much higher than Ba/Y in Galactic halo stars with
differences on the order of 0.6 dex in the metallicity range −2 < [Fe/H] < −1.
Similar large offsets are found for stars with [Fe/H] around −1 in the globu-
lar cluster ωCen (Smith et al. 2000) and for stars in the LMC (Pompe´ia et
al. 2008). According to Fenner et al. (2006), this indicates that the chemical
evolution of these systems has been so slow that winds from low-mass AGB
stars have started to enrich the interstellar medium with s-process elements
at a metallicity around [Fe/H] ∼ −2.
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4 The Galactic disk
4.1 The thick and the thin disk
A long-standing problem in studies of Galactic structure and evolution has
been the possible existence of a population of stars having kinematics, ages,
and chemical abundances in between the characteristic values for the halo
and the disk.
On the basis of a large program of uvby-β photometry of F and early G
type main-sequence stars within 100 pc, Stro¨mgren (1987) concluded that an
intermediate Population II does exist. [Fe/H] was determined from a metal-
licity index m1 = (v− b)− (b− y), which is sensitive to the line blanketing in
the v-band, and age was derived from the position of a star in the c1 - (b− y)
diagram, where c1 = (u−v)−(v−b) is a measure of the Balmer discontinuity
at 3650 A˚ and hence of the surface gravity of the star. The colour index (b−y)
is used as a measure of Teff . After discussing the calibration of the m1 index
in terms of [Fe/H], and c1 as a function of absolute magnitude, Stro¨mgren
found that intermediate Population II consists of 10-15 Gyr old stars having
−0.8 < [Fe/H] < −0.4 and velocity dispersions that are significantly greater
than those of the younger, more metal-rich disk stars.
In a seminal paper, Gilmore & Reid (1983) showed that the distribution
of stars in the direction of the Galactic South Pole cannot be fitted by a
single exponential, but requires two disk components – a thin disk with a
scale height of 300 pc and a thick disk with a scale height of about 1300 pc.
They identified intermediate Population II with the sum of the metal-poor
end of the thin disk and the thick disk. Following this work, it has been
intensively discussed if the thin and thick disks are discrete components of
our Galaxy or if there is a more continuous sequence of stellar populations
connecting the Galactic halo and the thin disk.
In another important paper, Edvardsson et al. (1993) derived precise
abundance ratios for 189 stars belonging to the disk. Stars in the temper-
ature range 5600 < Teff < 7000K and somewhat evolved away from the
zero-age main-sequence were selected from uvby-β photometry of stars in
the solar neighbourhood (i.e. in a region around the Sun with a radius of
∼ 100 pc) and divided into nine metallicity bins ranging from [Fe/H] ∼ −1.0
to ∼ +0.3. In each metallicity bin the ∼ 20 brightest stars were observed.
Hence, there is no kinematical bias in the selection of the stars.
The Edvardsson et al. (1993) survey provides clear evidence for a scatter
in [α/Fe] at a given metallicity for stars in the solar neighbourhood. This is
shown in Fig. 6. As seen, [α/Fe] for stars in the metallicity range −0.8 <
[Fe/H] < −0.4 is correlated with the mean galactocentric distance Rm in the
stellar orbit. Stars with Rm > 9 kpc tend to have lower [α/Fe] than stars with
Rm < 7 kpc, and stars belonging to the solar circle lie in between. Assuming
that Rm is a statistical measure of the distance from the Galactic center at
which the star was born, Edvardsson et al. explained the [α/Fe] variations
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as due to a star formation rate that declines with galactocentric distance. In
other words, type Ia SNe start contributing iron at a higher [Fe/H] in the
inner parts of the Galaxy than in the outer parts.
Fig. 6. [α/Fe] as a function of [Fe/H] with data from Edvardsson et al. (1993).
Stars shown with filled circles have a mean galactocentric distance in their orbits
Rm < 7 kpc. Open circles refer to stars with 7 < Rm < 9 kpc, and crosses refer to
stars with Rm > 9 kpc.
The group of stars in Edvardsson et al. (1993) with Rm < 7 kpc have
kinematical properties similar to those of the thick disk, for which the dis-
persions of the Galactic velocity components, U , V , and W , with respect to
the Local Standard of Rest (LSR) are determined to be (σU , σV , σW ) ≃ (65,
50, 40) kms−1 , and for which the asymmetric drift with respect to the LSR is
Vad ≃ −50 kms
−1. In comparison, thin disk stars in the solar neighbourhood
have (σU , σV , σW ) ≃ (40, 30, 20) km s
−1 and Vad ≃ −10 km s
−1. Thus, thick-
disk stars move on more eccentric orbits than the thin-disk stars, and due
to the increasing density of stars towards the inner part of the Galaxy, thick
disk stars presently situated in the solar neighbourhood tend to be close to
the apo-galactic distance in their orbits. This means that they have smaller
mean galactocentric distances than the thin-disk stars. The differences in
[α/Fe] shown in Fig. 6 may, therefore, also be interpreted as due to a sys-
tematic difference in [α/Fe] between the thin and the thick disk. Apparently,
Gratton et al. (1996) were first to suggest this interpretation of the [α/Fe]
data.
A more clear chemical separation between thin- and thick-disk stars has
been obtained by Fuhrmann (2004). For a sample of nearby stars with 5300 <
Teff < 6600K and 3.7 < log g < 4.6, he derives very precise Mg abundances
from Mg i lines and Fe abundances from Fe i and Fe ii lines. In a [Mg/Fe]
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vs. [Fe/H] diagram, stars with thick disk kinematics have [Mg/Fe] ≃ +0.4
and [Fe/H] between −1.0 and −0.3. The thin disk stars show a well-defined
sequence from [Fe/H] ≃ −0.6 to +0.4 with [Mg/Fe] decreasing from +0.2 to
0.0. Hence, there is a [Mg/Fe] separation between thick and thin disk stars
in the overlap region −0.6 < [Fe/H] < −0.3 with only a few ‘transition’
stars. This is even more striking in a diagram, where [Fe/Mg] is plotted as a
function of [Mg/H] (Fuhrmann 2004, Fig. 34).
On the basis of stellar ages derived from evolutionary tracks in the Mbol -
logTeff diagram, Fuhrmann (2004) finds that the maximum age of thin disk
stars is about 9 Gyr, whereas thick disk stars have ages around 13Gyr. This
suggests that the systematic difference of [Mg/Fe] is connected to a hiatus in
star formation between the thick and thin disk phases.
4.2 The [α/Fe] distribution of disk stars
Two major studies of abundance ratios in thin- and thick-disk stars (Bensby
et al. 2005; Reddy et al. 2003, 2006) are based on kinematically selected
groups of stars in the solar neighbourhood. In these works, it is assumed that
the kinematics of stars can be represented by Gaussian distribution functions
for the velocity components, U , V , and W with respect to the LSR. The
kinematical probability that a star belongs to a given population: thin disk,
thick disk or halo (i = 1, 2, 3) is then given by
Pi ∝ ki fiexp (−
U2
2σ2Ui
−
(V − Vadi)
2
2σ2Vi
−
W 2
2σ2Wi
), (7)
where k = (2pi)−3/2(σUσV σW )
−1 is the standard normalization constant, and
f the relative number of stars in a given population. σU , σV , and σW are the
velocity dispersions in U, V , and W , respectively, and Vad the asymmetric
drift velocity for the population. As an example, the values used by Reddy
et al. (2006) are given in Table 1. Some of these values have considerable
uncertainties. Depending on how the populations is defined, the fraction of
thick disk stars in the solar neighbourhood may be as high as 20% (Fuhrmann
2004), and the local fraction of halo stars is often estimated to be on the order
of 0.001.
In the works of Bensby et al. (2005) and Reddy et al. (2003, 2006) precise
abundance ratios for F and G dwarfs have been derived for samples of stars
kinematically selected to have high probability of belonging to either the thin
or the thick disk. Thus, in Reddy et al. (2006) the probability limit for each
population is P > 70%. The resulting [α/Fe] – [Fe/H] diagram is shown in
Fig. 7. As seen, there is a gap in [α/Fe] between thin- and thick-disk stars
for the metallicity range −0.7 < [Fe/H] −0.4. Around [Fe/H]= −0.3 a few
stars seem to connect the two populations like in the corresponding diagram
of Fuhrmann (2004).
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Table 1. Velocity dispersions, asymmetric drift and fraction of stars in the solar
neighbourhood for the thin-disk, thick-disk and halo populations as adopted by
Reddy et al. (2006) for calculating membership probabilities.
Population σU σV σW Vad f
km s−1 km s−1 km s−1 km s−1
Thin disk 43 28 17 −9 0.93
Thick disk 67 51 42 −48 0.07
Halo 131 106 85 −220 0.006
Fig. 7. [α/Fe] as a function of [Fe/H] according to Reddy et al. (2003, 2006). Stars
indicated by open circles have a probability P > 70% of belonging to the thin disk,
whereas stars represented by filled circles have P > 70% of belonging to the thick
disk.
The [α/Fe] diagram of Bensby et al. (2005) looks similar to Fig. 7 except
that their thick-disk stars continue all the way up to solar metallicity with
decreasing values of [α/Fe]. Thus, Bensby et al. claim that star formation in
the thick disk continued long enough to include chemical enrichment from
type Ia SNe. This is, however, not so evident from the data of Reddy et al.
(2006). In Fig. 7, the thick disk terminates around [Fe/H] ≃ −0.3 with little
or no decrease of [α/Fe].
Given that the thin- and thick-disk stars of Bensby et al. (2005) and
Reddy et al. (2003, 2006) have been kinematically selected, the question
arises if there are stars with intermediate kinematics filling the gap in [α/Fe]
between the two populations. The problem has be addressed by Ramı´rez
et al. (2007), who derived oxygen abundances for 523 nearby stars from a
non-LTE analysis of the O i triplet at 7774 A˚. A similar splitting as in Fig.
7 between stars with thin- and thick-disk kinematics is obtained, and stars
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with intermediate kinematics do not fill the gap in [O/Fe]; they have either
high [O/Fe] or low [O/Fe].
Another set of abundance data that can be used to study the problem
of a gap in [α/Fe] between thin- and thick-disk stars has been obtained by
Neves et al. (2009) from ESO/HARPS high-resolution spectra of 451 F, G,
and K main-sequence stars in the solar neighbourhood. The main purpose
of this project is to detect planets around stars by measuring radial velocity
variations with a precision of 1m s−1. As a by-product, stellar abundance
ratios relative to those of the Sun have been derived.
Neves et al. (2009) show that trends of abundance ratios as a function
of [Fe/H] are the same for stars with and without planets. For both groups
there is a bifurcation of the abundances of α-capture elements relative to
iron. This is shown in Fig. 8, where only stars having Teff within ±300K
from the effective temperature of the Sun have been included in order to
obtain a very high precision of [α/Fe], i.e. σ [α/Fe] ≃ ±0.02. At metallicities
[Fe/H] < −0.1, there is a gap in [α/Fe] between ‘high-α’ and ‘low-α’ stars.
Hence, the data of Neves et al. (2009) confirm the dichotomy in [α/Fe] found
by Bensby et al. (2005) and Reddy et al. (2006). Furthermore, the data of
Neves et al. support the claim of Bensby et al. (2005), that the thick disk
have metallicities stretching up to solar metallicity.
The sample of stars from Neves et al. (2009) is volume limited; hence, the
gap between high-α and low-α stars cannot be due to exclusion of stars with
intermediate kinematics. Figure 8 shows the distribution of the two popula-
tions in a Toomre energy diagram. As seen, the majority of high-α stars have
a total space velocity with respect to the LSR larger than 85 km s−1, which
classify them as thick-disk stars, but several high-α stars are kinematically
mixed with the low-α stars. This is an example of how an abundance ratio is
a more clean separator of stellar populations than kinematics.
Considering that the high-α, thick-disk stars tend to be older than the
oldest of the low-α, thin-disk stars (Fuhrmann 2004; Reddy et al. 2006), the
difference in [α/Fe] is often explained in a scenario, where a period of rapid
star formation in the early Galactic disk was interrupted by a merging satel-
lite galaxy that ‘heated’ the already formed stars to thick-disk kinematics.
This was followed by a hiatus in star formation, in which metal-poor gas was
accreted and type Ia SNe caused [α/Fe] to decrease. When star formation
resumed, the first thin-disk stars were formed with low metallicity and low
[α/Fe]. This scenario also explains the systematic differences in [C/O] (Fig.
2) and [Eu/Ba] (Fig. 5) between thin- and thick-disk stars.
Haywood (2008) has pointed out that the low-metallicity thin-disk stars
in the solar neighbourhood tend to have positive values of the V velocity
component. Such stars have mean galactocentric distances larger than the
distance of the Sun from the Galactic center, and hence they are likely to
have been formed in the outer part of the Galactic disk. Thick-disk stars,
on the other hand, have negative values of V and tend to be formed in the
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Fig. 8. The [α/Fe] vs. [Fe/H] distribution for a volume limited sample of main-
sequence stars from Neves et al. (2009). Only stars with Teff within ±300K from
the effective temperature of the Sun have been included.
Fig. 9. The Toomre diagram for stars from Fig. 8 with [Fe/H] < −0.1. High-α
stars are shown with filled circles and low-α stars with open circles. The two circles
delineate constant total space velocities with respect to the LSR, Vtot = 85 and
180 km s−1, respectively.
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inner Galactic disk. From these considerations, Haywood suggests that the
bimodal distribution in [α/Fe] may be due to radial mixing of stars in the
disk.
This scenario has been further investigated by Scho¨nrich & Binney (2009a,
2009b) in a model for the chemical evolution of the Galactic disk, for which
the star formation rate is monotonically decreasing, and which includes radial
migration of stars and gas flows. The model successfully fit the metallicity
distribution and the large scatter in the age-metallicity relation for stars
in the Geneva-Copenhagen survey (Nordstro¨m et al. 2004). The model also
predicts a bimodal distribution of [α/Fe] for stars in the solar neighbourhood
with the high-α stars coming from the inner parts of the Galactic disk and
the low-α stars from the outer part. It will, however, be interesting to see
if the model can reproduce a gap in the [α/Fe] distribution for disk stars as
found from the data of Neves et al. (2009).
4.3 Abundance gradients in the disk
In models for the chemical evolution of the Galactic disk, observed abundance
gradients provide important constraints. Gradients may be determined from
B-type stars and H II regions, but the most precise results have been ob-
tained from Cepheids. These variable stars are bright enough to be studied
at large distances and accurate values of the distances can be obtained from
the period-luminosity relation. Earlier results suggested a steeper metallicity
gradient in the inner part of the galaxy as compared to the outer part with a
break in the gradient occurring around 10 kpc. According to newer work this
is, however, not so obvious. For 54 Cepheids ranging in galactocentric dis-
tance RG from 4 to about 14kpc, Luck et al. (2006) find an overall gradient
d[Fe/H]/dRG = −0.06dex kpc
−1, but there seems to be a significant cosmic
scatter around a linear fit to the data. A region at Galactic longitude l ∼ 120
degrees and a distance of 3-4 kpc from the Sun has enhanced metallicities
with ∆ [Fe/H]≃ +0.2 in the mean. Such spatial inhomogeneities could be
due to recent SNe events.
Yong et al. (2006) have made an interesting study of 24 Cepheids in the
outer Galactic disk based on high-resolution spectra. The distance range is
12< RG < 18 kpc. Most of the Cepheids continue the trend with galactocen-
tric distance exhibited by the Luck et al. (2006) sample, but a minority of six
Cepheids have [Fe/H] around −0.8 dex and enhanced α-element abundances,
[α/Fe]∼ +0.3. Thus, there is some evidence for two populations of Cepheids
in the outer disk.
Cepheids can only provide information about ‘present-day’ gradients in
the disk. Abundances of stars in open clusters may, however, be used to
determine gradients at different ages. In this connection one benefits from
the quite accurate ages and distances that can be determined from colour-
magnitude diagrams of open clusters. For a review of results from clusters,
the reader is referred to the chapter on open clusters by Friel (this volume).
Chemical abundances as population tracers 25
5 The Galactic bulge
Due to a large distance and a high degree of interstellar absorption and
reddening, the Galactic bulge is the least well known component of the Milky
Way. It has been much discussed if the bulge contains only very old stars or if
it also includes a younger population. This problem is related to two different
scenarios for the formation of the bulge, a ‘classical’ bulge formed rapidly by
the coalescence of star-forming clumps as suggested from the simulations
of Elmegreen et al. (2008) or a ‘pseudobulge’ formed over a longer time
through dynamical instabilities in the Galactic disk (see review by Kormendy
& Kennicutt 2004). The measurement of abundance ratios in bulge stars may
help to decide between these scenarios by providing information on the time-
scale for the formation of the bulge.
The metallicity distribution of bulge stars has been debated for a long
time. With the determination of [Fe/H] for 800 bulge giants based on VLT
multi-fiber spectra with a resolution of R ∼ 20 000 (Zoccali et al. 2008) a
robust result seems to have been obtained. Zoccali et al. observed stars in
four fields having distances from the Galactic center ranging from 600 to
1600pc. The overall metallicity distribution is centered on solar metallicity
and extends from [Fe/H]≃ −1.5 to +0.5, but with few stars in the range
−1.5 < [Fe/H] < −1.0. A decrease of the mean metallicity along the bulge
minor axis is suggested corresponding to a gradient of ∼0.6 dex per kpc.
A pioneering study of α/Fe ratios in 12 bulge red giants was carried out by
McWilliam & Rich (1994) based on 4-meter telescope optical echelle spectra
with a resolution of R ∼ 20 000 and typical S/N ∼ 50. Enhanced values of
[Mg/Fe] and [Ti/Fe] (∼+0.3 dex) were found for all stars up to a metallicity
of ∼ +0.4dex suggesting a very rapid formation of the bulge. In contrast,
[Si/Fe] and [Ca/Fe] showed solar values, which is difficult to understand.
These data are now superseeded by higher resolution spectra obtained with
8-meter class telescopes both in the optical and the infrared spectral region.
Lecureur et al. (2007) used VLT/UVES spectra in the spectral region
4800 - 6800 A˚ to derive O and Mg abundances relative to Fe for about 50 red
bulge giants. They find that the [O/Fe] and [Mg/Fe] trends are more enhanced
than the corresponding trends for thick-disk stars as determined by Bensby
et al. (2005) for dwarf stars. The same conclusion is reached by Fulbright
et al. (2007) from abundance ratios derived for 27 red giants observed at
high resolution in the 5000 - 8000 A˚ spectral region with the Keck/HIRES
spectrograph.
In contrast to these results, Mele´ndez et al. (2008) find the same [O/Fe] -
[Fe/H] trend for 19 red giants belonging to the bulge and 21 thick-disk giants
in the solar neighbourhood. For both samples, the oxygen and iron abun-
dances are based on spectrum synthesis of OH and Fe i lines in an infrared
spectral region around 1.55µm as observed with Gemini/Phoenix. Hence, the
comparison of the bulge and the thick disk is done in a differential way for
the same type of stars. Mele´ndez et al. suggest that the comparisons of bulge
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Fig. 10. The [α/Fe] - [Fe/H] relation for bulge K giant stars shown with filled
(red) squares in comparison with K giants in the solar neighbourhood having either
thick-disk kinematics (filled circles) or thin-disk kinematics (open circles). Data for
[Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe] are adopted from Alves-Brito et al. (2010).
giants with thick-disk dwarfs has led to a spurious offset of the two [O/Fe] -
[Fe/H] trends due to systematic errors in the abundance ratios. When LTE is
assumed and classical 1D model atmospheres are adopted, systematic errors
could arise due to different non-LTE and 3D corrections for dwarf and giant
stars. Recently, Ryde et al. (2010) have confirmed the results of Mele´ndez et
al. (2008) from VLT/CRIRES high-resolution spectra of 11 red giants in the
bulge.
Further evidence for an agreement between bulge and local thick-disk stars
has been obtained by Alves-Brito et al. (2010) from optical high-resolution
spectra. Their results are shown if Fig. 10. As seen the trends for bulge
and thick-disk stars agree well with no significant differences below solar
metallicity. The thin-disk stars, on the other hand, fall below the bulge and
the thick disk stars. Above solar metallicity, the bulge stars tend to have
higher [α/Fe] values than the disk stars but this needs to be confirmed for a
larger sample.
Independent and very interesting data for abundances in the Galactic
bulge have been obtained from spectra of microlensed main-sequence and
subgiant stars. During a microlensing event, the flux from a star can be
enhanced by a factor of 100 or even more; hence, the magnitude of a typical
bulge turnoff star raises from V ∼ 18 to V ∼ 13. This makes it possible
to obtain high-resolution spectra with good S/N . Bensby et al. (2011) have
presented a homogeneous abundance study of 26 such microlensed stars using
the same methods as applied for local thick-disk dwarf stars (Bensby et al.
2005). As seen from Fig. 16, there is a tendency that these microlensed bulge
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stars are separated into two regions in the [α/Fe] – [Fe/H] plane: A metal-
poor group with [Fe/H] < −0.3 and [α/Fe] ≃ +0.3 like the thick-disk stars,
and a metal-rich group with +0.1 < [Fe/H] < +0.6 for which the majority
of stars have [α/Fe] ≃ 0 like the thin-disk stars, but four stars have [α/Fe]
≃ +0.1.
Another interesting aspect of the study of microlensed main-sequence and
subgiant stars is the possibility to derive ages by comparing their position
in a logg - logTeff diagram with isochrones computed from stellar models.
According to Bensby et al. (2011) the metal-poor bulge stars have an average
age of 11.2Gyr with a dispersion of±2.9Gyr much of which may be due errors
in the age determination. The metal-rich bulge stars are on average younger
(7.6Gyr) and has a larger age dispersion (±3.9Gyr).
On the basis of these new data, Bensby et al. (2011) suggest that the bulge
consists of two stellar populations, i.e. a metal-poor population similar to the
thick disk in terms of metallicity range, [α/Fe], and age, and a metal-rich
population, which could be related to the inner thin disk. Supporting evidence
has recently been obtained by Hill et al. (2011) from a study of 219 red
giants in Baade’s bulge window (situated about four degrees from the Galactic
center). [Fe/H] and [Mg/Fe] are derived from ESO VLT FLAMES spectra
with a resoltion of R = 20 000. The distribution of [Fe/H] is asymmetric and
can be deconvolved into two Gaussian components: a metal-poor population
centred at [Fe/H] = −0.30 having a dispersion of 0.25dex in [Fe/H], and a
metal-rich population centred at [Fe/H] = +0.32 with a dispersion of 0.11dex
only. The metal-poor population has [Mg/Fe] ≃ 0.3, whereas the stars in the
metal-rich population distribute around the solar Mg/Fe ratio. These data
agree well with those of Bensby et al. (2011). However, a larger set of data
for microlensed bulge stars and information about chemical abundances of
inner disk stars are needed before one can draw any robust conclusions about
the existence of two bulge populations and the consequences this may have
for models of the formation of the bulge.
6 The Galactic halo
6.1 Evidence of two distinct halo populations
For a long time, it has been discussed if the Galactic halo consists of more than
one population. The classical monolithic collapse model of Eggen, Lynden-
Bell & Sandage (1962) corresponds to a single halo population, but from
a study of globular clusters, Searle and Zinn (1978) suggested that the halo
comprises two populations: i) an inner, old, flattened population with a slight
prograde rotation formed during a dissipative collapse, and ii) an outer,
younger, spherical population accreted from satellite systems. This dichotomy
of the Galactic halo has found support in a study of ∼ 20 000 stars from the
Sloan Digital Sky Survey (SDSS) by Carollo et al. (2007). They find that the
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inner halo consists of stars with a peak metallicity at [Fe/H]≃ −1.6, whereas
the outer halo stars distribute around [Fe/H]≃ −2.2.
Several studies suggest that there is a difference in [α/Fe] between stars
that can be associated with the inner and the outer halo, respectively. Ful-
bright (2002) shows that stars with large values of the total space velocity rel-
ative to the LSR, Vtot > 300 km s
−1, tend to have lower values of [α/Fe] than
stars with 150 < Vtot < 300 km s
−1, and Stephens & Boesgaard (2002) find
that [α/Fe] is correlated with the apo-galactic orbital distance in the sense
that the outermost stars have the lowest values of [α/Fe]. Further support for
such differences in [α/Fe] comes from a study by Gratton et al. (2003), who
divided stars in the solar neighbourhood into two populations according to
their kinematics: i) a ‘dissipative’ component, which includes thick-disk stars
and prograde rotating halo stars, and ii) an ‘accretion’ component that con-
sists of retrograde rotating halo stars. The ‘accretion’ component has smaller
values and a larger scatter for [α/Fe] than the ‘dissipative’ component.
The differences in [α/Fe] found in these works are not larger than about
0.1 dex, and it is unclear, if the distribution of [α/Fe] is continuous or bimodal.
Nissen & Schuster (1997) found a more clear dichotomy in [α/Fe] for 13 halo
stars with −1.3 < [Fe/H] < −0.5. Eight of these halo stars have [α/Fe] in
the range 0.1 to 0.2 dex, whereas [α/Fe] ≃ 0.3 for the other five halo stars.
Interestingly, the low-α halo stars tend to have larger apo-galactic distances
than the high-α stars.
A more extensive study of ‘metal-rich’ halo stars has been carried out
by Nissen & Schuster (2010). Stars are selected from the Schuster et al.
(2006) uvby-β catalogue of high-velocity and metal-poor stars. To ensure
that a star has a high probability of belonging to the halo population, the
total space velocity with respect to the LSR is required to be larger than
180km s−1. Furthermore, Stro¨mgren photometric indices are used to select
dwarfs and subgiants with 5200 < Teff < 6300K and [Fe/H] > −1.6. High-
resolution, high S/N spectra were obtained with the ESO VLT/UVES and
the Nordic Optical Telescope FIES spectrographs for 78 of these stars. The
large majority of the stars are brighter than V = 11.1 and situated within
a distance of 250pc. These spectra are used to derive high-precision LTE
abundance ratios in a differential analysis that also includes 16 stars with
thick-disk kinematics. The precision of the various abundance ratios range
from 0.02 to 0.04dex.
Figure 11 (top) shows the distribution of [Mg/Fe] as a function of [Fe/H]
for stars in Nissen & Schuster (2010). As seen, the halo stars split into two dis-
tinct populations: ‘high-α’ stars with a nearly constant [Mg/Fe] and ‘low-α’
stars with declining values of [Mg/Fe] as a function of increasing metallic-
ity. A classification into these two populations has been done on the basis of
[Mg/Fe], but as seen from the bottom part of the figure, [α/Fe] would have
led to the same division of the halo stars except at the lowest metallicities,
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Fig. 11. [Mg/Fe] and [α/Fe] versus [Fe/H] based on data from Nissen & Schuster
(2010). Stars with thick-disk kinematics are indicated by crosses and halo stars by
circles. On the basis of the [Mg/Fe] distribution, the halo stars are divided into
low-α stars shown by filled (red) circles, and high-α stars shown by open (blue)
circles.
−1.6 < [Fe/H] < −1.4, where the two populations tend to merge, and the
classification is less clear.
As seen from Fig. 11, the separation in [Mg/Fe] for the two halo popula-
tions is significantly larger than the separation in [α/Fe]. At [Fe/H]≃ −0.8
the mean difference in [Mg/Fe] is about 0.25 dex, whereas it is only about
0.15dex in [α/Fe]. This is probably caused by different degrees of SNe Ia con-
tribution to the production of Mg, Si, Ca, and Ti. According to Tsujimoto
et al. (1995, Table 3), the relative contribution of SNe Ia to the solar compo-
sition is negligible for Mg, 17% for Si and 25% for Ca (Ti was not included).
For comparison, the SNe Ia contribution is 57% for Fe. Hence, [Mg/Fe] is a
more sensitive measure of the ratio between type II and type Ia contributions
to the chemical enrichment of matter than [α/Fe]. On the other hand, it is
possible to measure [α/Fe] with a higher precision than [Mg/Fe], because
many more spectral lines can be used to determine [α/Fe].
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Fig. 12. The relation between [Ni/Fe] and [Na/Fe]. Local main-sequence stars from
Nissen & Schuster (2010) are indicated by the same symbols as in Fig. 11, whereas
the (green) triangles refer to K giants in dSph satellite galaxies from Venn et al.
(2004). For both sets of data, the stars are confined to the metallicity range −1.6 <
[Fe/H] < −0.4.
The low-α halo stars also have low values of [Na/Fe] and [Ni/Fe] relative
to the high-α stars, and as shown in Fig. 12, the two populations are well
separated in a [Ni/Fe] - [Na/Fe] diagram. As seen, some stars in dSph galaxies
are even more extreme in [Na/Fe] and [Ni/Fe] than the low-α halo stars.
6.2 Kinematics and origin of the two halo populations
The distribution of [α/Fe] in Fig. 11 can be explained, if the high-α stars have
been formed in regions with such a high rate of chemical evolution that only
type II SNe have contributed to the chemical enrichment up to [Fe/H]∼ −0.4.
The low-α stars, on the other hand, originate from regions with a relatively
slow chemical evolution so that type Ia SNe have started to contribute iron
around [Fe/H]=−1.6 causing [α/Fe] to decrease towards higher metallicities
until [Fe/H]∼ −0.8.
Further insight into the origin of the two halo populations can be obtained
from kinematics. As seen from the Toomre energy diagram in Fig. 13, the
high-α stars show evidence for being more bound to the Galaxy and favoring
prograde Galactic orbits, while the low-α stars are less bound with two-thirds
of them being on retrograde orbits. This suggests that the high-α population
is connected to a dissipative component of the Galaxy, while the low-α stars
have been accreted from dwarf galaxies.
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Fig. 13. Toomre diagram for stars from Nissen & Schuster (2010) having [Fe/H]>
−1.4. The same symbols for high-α halo, low-α halo and thick-disk stars as in Fig.
11 are used. The short-dashed circle corresponds to Vtot = 180 km s
−1. The long-
dashed line indicates zero rotation in the Galaxy and therefore separates retrograde
moving stars from prograde moving.
Several retrograde moving low-α stars have a Galactic V -velocity compo-
nent similar to that of the ωCen globular cluster, i.e. V ∼ −260km s−1. As
often discussed (e.g. Bekki & Freeman 2003), ωCen is probably the nucleus
of a captured satellite galaxy with its own chemical enrichment history. Meza
et al. (2005) have simulated the orbital characteristics of the tidal debris of
such a satellite dragged into the Galactic plane by dynamical friction. The
captured stars are predicted to have rather small W -velocities but a wide,
double-peaked U -distribution. As shown in Fig. 14, the W -U distribution ob-
served for the low-α halo corresponds quite well to that prediction. There are
two groups of low-α stars with U > 200 km s−1 and U < −200km s−1, respec-
tively, corresponding to stars moving in and out of the solar neighbourhood
on elongated radial orbits. Thus, a good fraction of the low-α stars, although
not all, may well have originated in the ωCen progenitor galaxy. The high-α
stars, on the other hand, are confined to a much smaller range in U , i.e. from
about −200 to about +200km s−1.
The [α/Fe] vs. [Fe/H] trend for the low-α stars in Fig. 11 and the Ni-
Na trend in Fig. 12 resemble the corresponding trends for stars in dwarf
galaxies. Stars in these systems tend, however, to have lower values of [α/Fe],
[Na/Fe] and [Ni/Fe] than low-α halo stars. This offset agrees with simulations
of the chemical evolution of a hierarchically formed stellar halo in a ΛCDM
Universe by Font et al. (2006, Fig. 9). The bulk of halo stars originate from
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Fig. 14. The relation between the U and W velocity components for stars from
Nissen & Schuster (2010) having [Fe/H]> −1.4.
early accreted, massive dwarf galaxies with efficient star formation, whereas
surviving satellite galaxies in the outer halo on average have smaller masses
and a slower chemical evolution with a larger contribution from Type Ia SNe
at a given metallicity. The [Mg/Fe] vs. [Fe/H] trend for field stars, predicted
by Font et al., agrees in fact remarkably well with the trend for the low-α
halo stars.
The simulations of Font et al (2006) do not explain the existence of high-α
halo stars. Two recent ΛCDM simulations suggest, however, a dual origin of
stars in the inner Galactic halo. Purcell et al. (2010) propose that ancient
stars formed in the Galactic disk can be ejected to the halo by merging
satellite galaxies, and Zolotov et al. (2009, 2010) find that stars formed out
of accreted gas in the inner 1 kpc of the Galaxy can be displaced into the halo
through a succession of mergers. Alternatively, the high-α population may
simply belong to the high-velocity tail of a thick disk with a non-Gaussian
velocity distribution.
6.3 Globular clusters and dwarf galaxies
The Galactic halo contains more than 100 globular clusters and a number of
dwarf spheroidal galaxies that are considered as Milky Way satellite systems.
A dSph galaxy has a broad range in age and metallicity, whereas a globular
cluster is a smaller system with a more limited range in these parameters .
As often discussed, it is possible that some or all field halo stars come from
dissolved globular clusters or have been accreted from previous generations
of satellite galaxies. In this connection, it is is of great interest to compare
the chemical abundance ratios in field stars with the corresponding ratios in
still existing globular clusters and dwarf galaxies.
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Globular cluster were for a long time considered as examples of systems
containing a single population of stars with a well defined age and chemical
composition. During the last decades it has, however, become more and more
clear that many, if not all, globular clusters contain multiple stellar popula-
tions. Strong evidence comes from abundance ratios between elements from
oxygen to aluminum. As reviewed by Gratton et al. (2004), high-resolution
spectroscopy of red giants has revealed anti-correlations between [Na/Fe] and
[O/Fe] and between [Al/Fe] and [Mg/Fe] in intermediate metallicity globular
clusters. An example is shown in Fig. 15 for K giants in NGC 6752 (Yong et
al. 2005).
Fig. 15. The Na-O and Al-Mg anti-correlations in the globular cluster NGC6752
based on data from Yong et al. (2005). Filled circles indicate stars near the bright
end of the red-giant branch; open circles refer to less luminous stars around the
red-giant bump.
The extensive study of Carretta et al. (2009) based on high-resolution
VLT/UVES spectra for giant stars in 19 globular clusters indicates the exis-
tence of a [Na/Fe] - [O/Fe] anti-correlation in all cases, but the amplitude of
the variations is different from cluster to cluster. Variations in [Al/Fe] corre-
lated with [Na/Fe] are seen in the majority of clusters and an anti-correlation
between [Al/Fe] and [Mg/Fe] is detected in a few cases. In addition, Yong et
al. (2003) have revealed a correlation between the heavy magnesium isotope
26Mg and Al in NGC6752 by determining Mg isotope ratios from the profiles
of MgH lines near 5140 A˚.
All of these abundance variations are ascribed to hydrogen burning via
the CNO-cycle and the NeNa and MgAl chains. Some years ago, it was much
discussed if the variations were due to nuclear processes and non-standard
mixing in the stars themselves or to an early generation of stars that have
polluted the gas out of which the present low-mass stars in the clusters have
formed. The fact that the abundance variations are not correlated with the
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luminosity of the giant stars speaks against the first possibility, and when
Gratton et al. (2001) discovered that a Na-O anti-correlation is present in
turnoff and subgiant stars in NGC6397 and NGC6752, the internal mixing
case was ruled out. Hence, the abundance variations must be due to an early
generation of stars. Candidates are intermediate-mass AGB stars undergoing
hot bottom burning (Ventura et al. 2001) and massive rotating stars (De-
cressin et al. 2007).
In addition to the abundance variations of elements from O to Al, there
is also increasing evidence for variations of Ca, Fe and s-process elements in
several globular clusters. The classical example is ωCen for which giant stars
are found to have metallicities from [Fe/H]≃ −1.9 to ≃ −0.5 (see review
by Gratton et al. 2004). Multiple sequences in colour-magnitude diagrams
are present suggesting the existence of four or five discrete populations in
ωCen with significant age and abundance differences. The more metal-rich
stars in ωCen have unusually low values of [Cu/Fe] (Cunha et al. 2002) and
very high values of the abundances of the second-peak s-process elements,
i.e. [Ba/Fe] and [La/Fe] values around 1.0 dex (Smith et al. 2000). These
abundance anomalies point to a complicated chemical evolution history, in
which ωCen was originally the nucleus of a much larger dwarf galaxy that
merged with the early Galactic disk (Bekki & Freeman 2003).
Evidence for abundance variations of Ca, Fe, and s-process elements has
been found for other clusters than ωCen. On the basis of high-resolution
spectroscopy with UVES of eight giant stars in NGC 1851, Yong & Grundahl
(2008) found a range of 0.6 dex in [Zr/Fe] and [La/Fe], and Marino et al.
(2009) found similar large variations in [Y/Fe], [Zr/Fe] and [Ba/Fe] for 17
giant stars in M22. In addition, there is a correlation between these ratios
and [Fe/H], which varies from −1.9 to −1.5 in M22. Evidence of variations
in [Ca/Fe] is also found in other globular clusters by Lee et al. (2009) from
photometric measurements of an index of the Ca ii H and K lines, but Car-
retta et al. (2010) do not confirm this on the basis of high-resolution UVES
spectra. Instead, they suggest that the spread in the Ca ii H and K index
may be related to variations in helium and nitrogen abundances.
Some authors, e.g. Lee et al. (2009), suggest that all globular clusters were
once nuclei of dwarf galaxies that are now accreted and dissolved in the Milky
Way. In this connection, one may wonder why practically no field halo stars
share the Na-O abundance anomalies of the globular clusters. Perhaps the
explanation is that the elements produced by AGB stars are confined to the
potential wells of the clusters. According to the hydrodynamical simulations
by D’Ercole et al. (2008), the gas ejected by AGB stars collects in cooling
flows into the cores of globular clusters.
The chemical composition of giant stars in dSph galaxies is reviewed by
Tolstoy et al. (2009). For the large majority of stars with [Fe/H]> −2, [α/Fe]
is significantly lower than in halo and disk stars belonging to the Milky Way.
Two examples are shown in Fig. 16. Stars in Sculptor (Kirby et al. 2009)
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Fig. 16. [α/Fe] vs. [Fe/H] for various stellar populations. Thin-disk stars from
Reddy et al. (2003) are shown with plus symbols. Filled circles refer to thick-disk
stars from Reddy et al. (2006) and Nissen & Schuster (2010). Filled (red) squares
are microlensed bulge stars from Bensby et al. (2011). Open (blue) circles are high-
α and filled (red) circles low-α halo stars from Nissen & Schuster (2010). Asterisks
refer to stars in the Sagittarius dSph galaxy (Sbordone et al. 2007), and filled
(green) triangles show data for stars in the Sculptor dSph galaxy from Kirby et al.
(2009) for which the precision of [α/Fe] is better than 0.15 dex.
distribute around [α/Fe] = −0.1, and do not seem to have metallicities above
[Fe/H]∼ −0.9. The other example is the Sagittarius dwarf galaxy, which
was discovered by Ibata et al. (1994) to be merging with the Milky Way. The
abundances derived by Sbordone et al. (2007) for giant stars show a declining
trend of [α/Fe] reaching [α/Fe] as low as −0.3dex at solar metallicity.
Evidently, present day dSph galaxies have had a chemical evolution his-
tory different from that of the other main components of the Milky Way. In
addition to the underabundance of [α/Fe], the more metal-rich stars in dSph
galaxies stand out by having low [Na/Fe] and [Ni/Fe] abundances (Fig. 11)
as well as high [Ba/Y] ratios (Venn et al. 2004). At the lowest metallicities,
[Fe/H]< −2, the abundance ratios are, however, similar to those in Galactic
halo stars, which suggests that the abundance deviations of dSph stars should
not be explained in terms of an anomalous IMF. The most obvious reason for
the underabundances of [α/Fe] is that the star formation rate in surviving
dSph galaxies has been so slow that type Ia SNe started to contribute Fe at
a metallicity of [Fe/H]∼ −2. Dwarf galaxies are, however, not ruled out as
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‘building blocks’ of the Galactic halo, because early accreted dSph galaxies
probably have had a somewhat faster chemical evolution than the less masive
present-day dSph galaxies in the outer halo (Font et al. 2006).
7 Conclusions
The last decade has seen great progress in determinations of abundance ratios
that can be used as tracers of stellar populations. This has been possible due
to the availability of high-resolution echelle spectrographs at large telescopes
– in some cases with multiplex capabilities so that many stars, e.g. in clusters
and dwarf galaxies, can be observed simultaneously. Determinations of [α/Fe]
from low- or medium-resolution spectroscopy, e.g. in the SDSS and RAVE
surveys, are also important in connection with large statistical investigations
of stellar populations. Similar measurements of [α/Fe] will be obtained in
connection with the GAIA mission. Furthermore, abundances of Galactic
bulge stars are now been obtained from high-resolution infrared spectra, but
the spectral coverage is small and there is no multiplex advantages. Hence,
the number of bulge stars studied with infrared spectra is still limited. More
efficient infrared echelle spectrographs with multiplex capabilities are needed
to take advantage of the lower reddening in the infrared spectral region, when
dealing with the bulge and the inner part of the disk.
Elemental abundance ratios are derived by the aid of a model atmosphere
analysis of the available stellar spectra as discussed in Sect. 2. Most studies
are still based on homogeneous model atmospheres and the assumption of
LTE, but several works show that inhomogeneous models and deviations from
LTE can change the derived abundances significantly. Such 3D and non-LTE
modelling is difficult to carry out and in some cases the derived abundances
are sensitive to uncertain hydrogen collision cross sections. Hence, the derived
trends of abundance ratios as a function of metallicity can be quite uncertain.
On the other hand, it is possible to determine precise differences of abundance
ratios by a 1D LTE analysis of a sample of stars confined to small ranges in
effective temperature, surface gravity and metallicity. In this way, abundance
ratios can be used to disentangle stellar populations. Care should, however, be
taken when comparing different spectral types and luminosity classes, such as
F and G dwarfs with K giants, because systematic errors may be important.
As discussed in Sect. 3, the abundance ratios [α/Fe], [C/O], [Na/Fe],
[Ni/Fe], [Cu/Fe], [Eu/Ba], and [Ba/Y] are of high interest as tracers of stel-
lar populations. The usefulness of these ratios is related to the fact that the
elements involved are produced in different types of stars. The nucleosynthe-
sis is not well understood for all elements, but it seems that variations of the
ratios from one population to the next can be explained in terms of different
rates of star formation and chemical evolution. In general, one does not need
to invoke variations in the initial mass function to explain the abundance
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ratios. A better understanding of the nucleosynthesis of the elements is, how-
ever, important in order to learn more about the formation and evolution of
the various populations.
The power of abundance ratios as population tracers is evident from Fig.
16, where [α/Fe] is plotted as a function of [Fe/H] for seven different pop-
ulations. [α/Fe] is defined as the average value of [Mg/Fe], [Si/Fe], [Ca/Fe]
and [Ti/Fe], and may be used to estimate the time-scale for the chemical
enrichment of the population, as explained in Sect. 3.2. On the basis of this
figure and the more detailed discussion in the previous sections, the following
conclusions about stellar populations in the Galactic disk, the bulge and the
halo can be made.
The disk consists of two main populations, the thin and the thick disk,
which differ in [α/Fe] as well as [C/O] and [Eu/Ba]. The thick disk is formed
on a relatively short time-scale with enrichment from type II SNe only up to
[Fe/H]≃ −0.4. Thin-disk stars have lower values of [α/Fe] due to type Ia SNe
contributions to the chemical enrichment; hence the time-scale of evolution
is longer than in the case of the thick disk. In the metallicity range −0.7 <
[Fe/H] < −0.4, a gap in [α/Fe] is present between the two disks. Altogether,
the [α/Fe] distribution of disk stars is well explained by a scenario, for which
a period of rapid star formation in the early Galactic disk was interrupted by
a merging satellite galaxy that ‘heated’ the already formed stars to thick-disk
kinematics. This was followed by a hiatus in star formation, in which metal-
poor gas was accreted and type Ia SNe caused [α/Fe] to decrease. When star
formation resumed, the first thin disk stars formed with low metallicity and
low [α/Fe]. However, as discussed in Sect. 4.2, an alternative model with a
monotonically decreasing star formation rate and radial migration of stars
and gas (Scho¨nrich & Binney 2009a, 2009b) also predicts a bimodal distri-
bution of [α/Fe]. Very precise measurements of the distributions of [α/Fe]
as well as [C/O] and [Eu/Ba] for a large volume-limited sample of F and
G main-sequence stars would be important to distinguish between the two
competing models for disk formation.
For the bulge, there has been great progress in studies of abundance ratios
in recent years. In some works, enhanced values of [α/Fe]∼ +0.3 are found
for stars as metal-rich as the Sun, but in the most precise differential studies
(Alves-Brito et al. 2010), the trend of [α/Fe] for the bulge is found to be
similar to that of the thick disk (Fig. 10). The abundances derived by Bensby
et al. (2011) for microlensed main-sequence stars (Fig. 16) suggest that the
bulge may consist of two distinct populations: i.e. old metal-poor stars with
enhanced [α/Fe] ratios related to the thick disk, and younger very metal-
rich stars with disk-like α/Fe ratios. Still, one would like to see many more
bulge stars observed before drawing conclusions concerning models for bulge
formation from the abundance ratios.
For halo stars in the solar neighbourhood, there is evidence for the ex-
istence of two distinct populations clearly separated in [α/Fe], [Na/Fe] and
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[Ni/Fe] as discussed in Sect. 6.1. The high-α stars have abundance ratios very
similar to thick-disk stars. They may be ancient stars formed in the Galactic
disk or bulge and ejected to the halo by merging satellite galaxies (Purcell
et al. 2010; Zolotov et al. 2009, 2010), or they may simply belong to the
high-velocity tail of a thick disk with a non-Gaussian velocity distribution.
The low-α stars tend to have retrograde motions and many of them move on
elongated radial orbits close to the Galactic plane as predicted for the stellar
debris of the captured ωCen progenitor galaxy. It is likely that the low-alpha
stars have been accreted from dSph galaxies with a relatively slow chemical
evolution, for which type Ia SNe started to contribute iron at [Fe/H]∼ −1.5.
Perhaps future precise studies of abundance ratios of larger samples of halo
stars will reveal additional subpopulations.
Stars in surviving dSph galaxies have even lower values of [α/Fe] than the
low-α halo stars as seen from Fig. 16. This is to be expected according to
simulations of the chemical evolution of a hierarchically formed stellar halo
in a ΛCDM Universe (Font et al. 2006). Present day dSph galaxies in the
outer halo have experienced a slower chemical evolution than more massive
satellite galaxies accreted in the early Galxy.
All globular clusters seem to consist of multiple stellar populations char-
acterized by different values of [O/Fe], [Na/Fe], [Al/Fe], and [Mg/Fe]. This
may be due to chemical enrichment from intermediate-mass AGB stars un-
dergoing hot-bottom hydrogen burning. There is also evidence for variations
of [Fe/H] and the abundance of s-process elements in several globular clus-
ters, most notable in ωCen. In this connection, it has been suggested that
globular clusters were once the nuclei of now dissolved dwarf galaxies.
Precise abundance ratios of field stars belonging to the Galactic halo
have so far only been obtained in a small region around the Sun. It would be
important to extend such studies to more distant halo regions. To do this in
an efficient way one needs a fiber-coupled high-resolution spectrograph that
would make it possible to observe many stars simultaneously over a relatively
large field, say one degree in diameter. Such a spectrograph would also be very
useful in exploring abundance gradients in the Galactic disk, both radially
and in the direction towards the Galactic poles.
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